Two new thiol compounds with σ-π-σ structure were synthesized and self-assembled on gold substrates. The morphology and the structural characterization of SAMs assessed by infrared spectroscopy, contact angle, XPS, electrochemistry and scanning tunneling microscopy (STM) show the formation of monolayers. SAMs with a terthiophene (3TSH) core as conjugated system are much better organized compared to those with a naphthalene carbodiimide (NaphSH) core as demonstrated by the cyclic voltammetry and STM studies. The surface concentration of 3TSH
Introduction
Organic thin films based on Self-Assembled Monolayers (SAMs) are particularly studied and envisaged for different applications such as bio compatibility, sensors, control of wetting and adhesion, catalysis, nanofabrication, nanoelectronics. In this last field, the use of SAMs made by the assembly of thiol compounds on gold is a key concept in a bottom-up approach to build active nanoelectronic devices that can switch, rectify, store and retrieve information. [1] [2] [3] [4] The main advantages of these SAMs are that the monolayers are directly connected to a metal electrode, are easy to fabricate, handle and can be addressed to measure electrical properties. However metal-evaporation based techniques tend to damage molecular layers, 5 thus several methods have been developed to contact small assemblies of organized molecules without damaging them. 6 The main platforms and techniques investigated are the pioneering Hg-drop technique and the similar indium-gallium technique, the scanning probe microscope-based techniques as STM and conducting AFM (C-AFM), the soft-contact techniques such as nano-transfer printing or crossed wires and various solid-state device-based methods. Recently, the use of C-AFM was combined to sub-10 nm gold arrays to control and precisely measure the electronic transport properties through hundreds of molecules self-assembled on these nanodots. [7] [8] This powerful method allowing to efficiently perform statistics on thousands of electrical measurements recording a single C-AFM picture was first applied to well-organized and structured linear alkyls chains. 8 However to improve the functionality of nano-devices, it is foreseen to develop more complex systems that introduce π-conjugated system as previously shown by the fabrication of molecular diodes, [9] [10] [11] [12] [13] switches and memories devices. [14] [15] [16] [17] [18] However, steric hindrance of the conjugated backbone modifies the interactions between molecules within the SAMs and is expected to reduce the degree of order within the molecular layer. To study and understand this behavior two thiol-terminated compounds with bulky conjugated systems named 3TSH and NaphSH (Scheme 1) have been synthesized (see SI) and self-assembled, first on gold substrates to study the morphology and the structural characterization of SAMs by infrared spectroscopy, contact angle, XPS, electrochemistry and scanning tunneling microscopy (STM), then on gold nanodots to assess the electrical properties by C-AFM. The I/V characteristics obtained by C-AFM were compared with Scanning Tunneling Spectroscopy (STS) measurements. The STS I-V curves were then analyzed by Transition Voltage Spectroscopy (TVS).
Scheme 1.
Chemical structures of 3TSH and NaphSH.
Experimental section
Preparation of organic SAM-Au. To perform XPS, IR spectroscopy and cyclic voltammetry, the gold substrates were prepared by the resistive evaporation of chromium (7 nm) followed by gold (200 nm) on silicon wafers at about 10 -7 torr in a cryogenically pumped deposition chamber to obtain low roughness surfaces. For STM experiments, Au(111) surfaces on mica were purchased from Scientec. The gold nanodots (see SI for the fabrication) were first deprotected from the initial SiO 2 coating layer using HF then functionalized immediately with the thiol derivatives.
All glassware used for the formation of monolayers was treated with piranha solution and rinsed with a large amount of high purity water (Millipore 18 MΩ.cm). Caution: piranha solution reacts violently with most organic materials and should be handled with extreme care. The freshly evaporated gold substrates, annealed or deprotected samples were immersed immediately after into a filtered 10 -3 M solution of thiol in methylene chloride/ethanol mixture (ratio 1/4 for NaphSH and 0.5/9.5 for 3TSH). Dodecanethiol solution (10 -3 M) dissolved in pure ethanol was used to make reference substrates. After 24 hours in the dark and at room temperature, organic
SAMs-Au were rinsed carefully with methylene chloride then ethanol to remove the possible physisorbed overlayers and dried in a nitrogen stream. The various analyses were performed immediately after to avoid any deterioration and contamination of the surfaces. Prior to STM analyses, dodecanethiol SAMs on Au(111)/mica were annealed in ethanolic dodecanethiol solution at 60 °C for 2 h, followed by annealing in air at ∼100 °C for 2 h. applied to the substrate with respect to the grounded Pt/Ir cut tips. The images were recorded in constant current mode, with a typical tunneling resistance R th ≥100 GΩ. For I(V) measurements, the same tip was used. STM results were analyzed and displayed using WSxM software. 19 Ultraviolet Photoelectron Spectroscopy (UPS) was performed with a Omicron equipment (EA125 electron analyzer) and a UV source using the HeI line (21 eV) at normal incidence.
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Inverse Photo-Emission Spectroscopy (IPES) spectra, giving access to the unoccupied electronic states, were recorded at normal incidence in the isochromat mode, detecting photons of around 9.7 eV. The absorbed current is kept at the order of 0.6 μA to prevent any degradation of the molecules. Details of the IPES working principle and experiment setups were described previously. 21 Conducting atomic force microscopy (C-AFM) was performed under a flux of N 2 gas (Dimension 3100, Veeco), using a PtIr coated tip. More detailed methods are provided in the SI.
Results and discussion
The combination of alkyl-chains and a π-conjugated system is a key design for the development of various molecular components. Thus, two new thiol derivatives (Scheme S1) with either a terthiophene or a naphthalene tetracarboxydiimide core enclosed between two linear hexyl chains have been synthesized. These aliphatic-aromatic-aliphatic structures (σ-π-σ) bear at one end of one alkyl chain a thiol function for the anchoring on gold substrate. The choice of alkyl chains with six carbons was driven to limit the coupling of the conjugated system with the gold electrode while enabling the transfer of electron through the π-system by tunneling. The two conjugated systems were chosen firstly for their different steric hindrance that should impact on their self-assembly, then for their opposite electronic nature with a donor or acceptor system for 3TSH and NaphSH, respectively. In the following, this difference will help to discriminate between transport through the organized lattice or through defects in the SAMs.
Theoretical calculations based on density functional methods have been performed for the thiolsterminated compounds in the gas phase using the Gaussian 98 software. 22 Becke's threeparameter gradient-corrected functional (Becke3lyp) with polarized 6-31G* basis for all atoms was used to optimize the geometry and to compute the electronic structure of the compounds.
The minimized conformations are presented in figure S1 (in SI). For both compounds the alkyls chains are out of plane of the conjugated system due to heteroatoms. Indeed, in the 3TSH compound the two sulfurs in position 5 on terthiophene and in NaphSH the nitrogens are involved respectively a dihedral angles around 85° (S thio -C 5 -S-CH 2 ) and 90° (C Carb -N-CH 2 -CH 2 ).
The length of 3TSH between the carbon of the methylene and the sulfur of the thiols groups is 27.7 Å, and in the case of NaphSH the length is shorter and is 23.2 Å. Concerning the conjugated systems, the terthiophene is almost twice as long and its width is smaller than the naphthalene tetracarboxydiimide core.
XPS analysis of SAMs of 3TSH and NaphSH on Au (figure S2 in SI) show on the survey spectra the presence of C and S for the terthiophene derivative and C, N, O and S for the naphthalene compound in agreement with the chemical structures. The ratio of the different elements calculated by the deconvolution of the XPS spectra regions is also in agreement with the elemental composition of the compounds (Table S1 in SI). XPS spectra in the S 2p region (insets in figure S2 ) displays for NaphSH two peaks with a bonding energy at 162.0 eV and 163.2 eV corresponding to 2p 3/2 and 2p 1/2 with a ratio of 2:1 as theoretically determined by spinorbit splitting. [23] [24] Those two peaks are assigned to one specie, i.e., the thiolate (bond sulfur)
coming from the oxidant addition of the thiol on gold to form a metal-sulfur bond. figure 1 ). The alpha positions locked with the two hexylsulfanyl substituents give to 3THex the abilities to remove and re-inject two electrons in the rich electron conjugated system without any radical polymerization. In the other case, inductive effect of the four carbonyl electron withdrawing units distributed symmetrically around the π-conjugated naphthalene core allows to inject reversibly two electrons in the conjugated part. For 3TSH or NaphSH chemisorbed on gold, respectively, only one oxidation and reduction reversible wave can be analyzed in a range from -1.45 to 0.45 V vs ferrocene (blue curves in figure 1 ). Outside this window, these reversible redox waves completely disappear. Indeed, at lower or higher potential than -1.45V or 0.45V vs ferrocene respectively, the desorption of the SAMs proceeds as previously seen for alkane thiol
SAMs. [29] [30] The cyclic voltammograms (CVs) of 3TSH or NaphSH self-assembled on gold show
smaller Epa-Epc compared to those of the 3THex and NaphHex reference compounds in solution. This is consistent with the fact that thiol compounds are surface bound (chemisorbed) redox species. The intensities of anodic or cathodic peaks for the SAMs are also directly proportional to the scan rate (figures S4 and S5 in SI). The surface coverage of 3TSH and NaphSH in the SAMs was estimated from the charge measured respectively for its oxidation during the anodic sweep or the reduction during the cathodic sweep in an electrolyte free of per molecule). 31 It can be explained by steric effects of the conjugated part of the thiol compounds that decrease density of molecules and involve less compacity and density in the self-assembled monolayers. The NaphSH chemisorbed on gold shows similar redox potential for the first reversible peak than those of the NaphSHex in methylene chloride solution (table S2 in   SI) showing no interactions between the naphthalene tetracarboxydiimide in the SAMs. In the other case, the oxidation peak of the terthiophene in 3TSH SAM-Au shifts by -95 mV compared to those in 3TSHex in solution, this cathodic shift is explained by π-π interactions of the conjugated system that ease their oxidation. Moreover, NaphSH SAM exhibits considerably more double layer capacitance than the 3TSH SAM in the electrochemical response. Higher capacitive currents come from the counter-ion insertion into SAMs during electrochemical polarisation . 32 Thus, the observation of higher capacitance in the NaphSH SAM shows that this monolayer is less compact than the 3TSH SAM. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of the thiol derivatives can be determined using the described empirical relationships established : E HOMO = -(E ox + 4.4) eV and E LUMO = -(E red + 4.4) eV with E ox and E red potential values determined in solution vs. SCE reference electrode. 33 Ferrocene, used as reference in CV experiments in figure   1 , has a potential of 0.48 V vs. SCE in methylene chloride electrolyte. 34 Using the formula, the HOMO level of terthiophene derivative is determined at -5.31 eV using E°ox = 0. Such an organization has already been reported 39 for SAMs on gold of terphenyl molecules bearing a small alkyl chains. In the same way, long alkyl chain of 3TSH gives the molecules the necessary flexibility for their assembly and their ordering via π-π interactions of the conjugated system as demonstrated by cyclic voltammetry. Nevertheless, in spite of their similar alkyl chains, whatever the STM imaging conditions we could not observe any molecular organization for NaphSH SAMs (figure 2e and 2f). In this case, the conjugated part of the molecule may be too wide for enabling a close-packed arrangement and/or possible C-H···O=C hydrogen bonds may compete with ordering of grafted molecules. 40 To study the electrical transport through SAMs of 3TSH and NaphSH, a statistical analysis on a large number of devices is required. Thus, the recently reported new approach that allows to measure the conductance of up to a million of junctions in a single C-AFM image was investigated. 7 Molecular junctions of 3TSH and NaphSH were fabricated on a large array of sub-10 nm single crystal Au nanodot electrodes; each nanodot/molecules/tip junction contains less than one hundred molecules. An array of gold nanodot electrodes was fabricated by e-beam lithography and lift-off technique. Each nanodot is embedded in a highly-doped Si substrate (to insure a back ohmic contact), covered by a SAM of molecules of interest and contacted by the C-AFM tip (see SI, Figure S6a ). The main properties of the nanodots relevant for the molecular conductance measurements are briefly recalled: The distance between each nanodot is set to 100 nm. The estimated nanodot diameter measured from scanning electron microscopy (SEM) and high resolution transmission electron microscope (HR TEM) is 8 nm at the interface with Si and 5 nm at the top surface. 7 The height is 7 nm. 7 Using the surface coverage determined above by electrochemistry on gold, each nanodot junctions contains either ∼25 molecules of 3TSH or ∼ 15 molecules of NaphSH sandwiched between the top Au nanodot surface and the C-AFM tip. By sweeping a C-AFM tip at a given bias (applied on the substrate), current was measured only when the tip is on top of the molecular junction since conductance of native SiO 2 is below the detection limit of our apparatus. 8 The loading force of the C-AFM tip is kept very low (1 nN) to avoid any deformation of the SAM and the strain-induced modification of their electronic properties. 41 Figures S6b and S6c (see SI) show typical C-AFM images taken at -0.8 V and +0.8 V, respectively, for 2280 Au nanodot/NaphSH/C-AFM tip molecular junctions. Using a thresholding program, 8 the current histograms were constructed and shown in figure 3 for voltages -0.8V and +0.8 V. These histograms were well fitted by several log-normal distributions. In the framework of a non-resonant tunneling transport through the molecular junction, the current is exponentially dependent on the SAM thickness and on the interface energetics (i.e. position of the molecular orbitals relatively to the electrode Fermi energy), thus any normal distribution of these parameters leads to a log-normal distribution of the conductance as already observed in many molecular junctions. junctions measured in that case. We note that the HC peak at -0.8 V and the peak at +0.8 V have almost the same mean value of 2.3-2.4x10 -9 A. Thus, we can infer that about 15% of the NaphSH junctions do not show any rectification, while 85% show a weak positive rectification, i.e. R + =I + /I -is larger than 1 where I + is the mean current of the peak at +0.8V (see data in Table   S3 ) and I -is the mean current of the peaks at -0.8V. Out of this 85%, 43% (the MC peak) show a weak rectification with R +MC = I + /I -MC ∼1.6 and 42% (the LC peak) have a rectification ratio R +LC = I + /I -LC ∼3.2. For the 3TSH junctions, the shape of the histograms is quite different compared to NaphSH. At both negative and positive voltages, ∼80% of the junctions belong to a main peak.
The rest appears as a shoulder and a long tail at lower currents. The histogram at -0.8V is shifted toward higher currents than at +0.8V, corresponding to a negative rectification, with a rectification ratio R -=I -/I + ∼1.9 (See data in SI, Table S3 ). This is consistent with our present observation of a better organization in the SAMs for the 3TSH compared to NaphSH. For the reference C 12 SH the histograms are symmetrical (no rectification). The bi-modal distribution on figure 3a has been ascribed to the existence of different molecular organization phases for such alkylthiol monolayers. 
3TSH
and NaphSH are presented in figure S7 (in SI). The 3TSH exhibits a sharp single rectification ratio at negative bias R -=I -/I + with a mean value at ~7.8. Although the rectification ratio I -/I + is higher than that measured by C-AFM (~1.9), both measurements give a single distribution for 3TSH thus indicating rather well controlled electrical properties for 3TSH
SAMs. Conversely, the rectification ratio R + =I -+ /I -of NaphSH SAMs exhibit a wider distribution with a mean value 1.3, extending up to about 10 (see Fig. S7 , in SI). These values are consistent with those determined (see above) from the current distribution measured by C-AFM at ±0.8 V (Fig. 3c) . For a donor molecule, as 3TSH, a rectifying behavior at negative bias (Figures 3b and   4b ) is expected if the HOMO is asymmetrically coupled to the electrodes (see Figure S8 , in SI),
i.e. if the coupling to the Au electrode Γ Au is larger than to the tip Γ tip . Here, the Au-thiol bond and the short C 6 chain determine Γ Au . It is reasonable assuming the same for both C-AFM and STM experiments. The coupling parameter to the STM tip, Γ STMtip , depends on the C 6 chain and the tunnel air gap between the tip and the molecules, thus it is likely that Γ STMtip < Γ Au leading to the observed rectification. In the C-AFM measurements, the tip is gently on contact with the molecules, thus Γ CAFMtip increases (no tunnel air gap) compared to Γ STMtip reducing the rectification behavior as observed from C-AFM (R -∼ 1.9) (Figure 3b ) compared to STM (R -∼ 7.8) (Figure 4b) . Similarly, for an acceptor molecule as NaphSH, a rectification at positive bias is expected via the LUMO level asymmetry coupled to the electrodes ( Figure S8 , SI). However, due to the multimodal current distribution in C-AFM (Fig. 3c) and the large distribution of R + in STM, it is more difficult to apply the same discussion as above in this case. A more detailed discussion will be given below regarding the electronic structure of these NaphSH SAMs.
To assess the energy level position of the molecular orbital involved in the electron transport values for π-conjugated molecules as also observed for various phenyl derivatives. 49 To check which orbital (HOMO or LUMO) is involved in the transport, we used photoemission spectroscopy. Indeed, UPS allows determining the HOMO position whereas the LUMO can be accessed using IPES (Fig. 6) . The HOMO and LUMO positions were extracted measuring their onset regarding the Fermi level as proposed in the literature. Figure S10 ).
The whole results obtained from STM I(V), CV and UPS/IPES are summarized in Table I . As expected the 3TSH has the HOMO closer to the Fermi energy than the LUMO (donor molecule), while it is the reverse situation for NaphSH (acceptor molecule). where sign ε 0 is "+" for LUMO and "-" for HOMO. The values are given in Table 1 . Clearly, the value γ = -0.14 for 3TSH junctions confirms the asymmetry of this junctions (R -= 7.8 on average for STM I-V measurements) with the terthiophene HOMO more coupled to the Au substrate than the STP tip (Γ STMtip < Γ Au ). For the C 12 SH and NaphSH, γ is almost 0. This is expected from the symmetrical I-V behavior of the C 12 SH junctions. For the NaphSH junctions, it means that the model is not "accurate" enough to describe the weaker rectification observed for the NaphSH junctions (R + < 3 on average, both from C-AFM and STM measurements).
To summarize the electrical properties of SAMs assessed by C-AFM and STS, the chemical nature of the conjugated system, associated to the asymmetrical coupling of the molecular orbitals and the electrodes, involves an opposite rectification. This is explained by the electronic transport through the HOMO or the LUMO levels of the 3TSH and NaphSH which have the redox properties to be respectively oxidized or reduced (see cyclic voltammetry part).
Comparing the conductance histograms of the two molecular junctions, those for the 3TSH junctions are less dispersed ( Figure 3 ). As mentioned above, ∼80% of the 3TSH junctions belong to a main peak, while three distinct peaks are clearly observed for the NaphSH junctions. Such a behavior is also confirmed by the transition voltage and rectification ratio distributions -i.e., narrower for 3TSH than for NaphSH -obtained from STM I(V) analyses. This feature may be related to the better organization of the 3TSH SAMs as observed by high resolution STM images (figure 2) or by CVs with π-π interactions between tertiophene units that are not present in naphthalene derivative. For instance, it was shown that disordered SAMs of alkylthiols on Au lead to junction with higher current than those having a more ordered organization, 56 or that "gauche" defects in the molecule reduce the electron transfer efficiency through the molecules. 57 We have also observed 8 that a reduced number of peaks (i.e. 2 peaks) for alkylthiol junctions on nanodot (single crystal) electrodes compared to alkylthiol junction on substrate Au (polycrystalline) electrode (3 peaks) is consistent with the fact that the nanodot size (5-8 nm) is of the same order of magnitude as (or even smaller than) the known average size for well-organized, close-packed, domains in SAM as measured by grazing-angle X-ray diffraction (coherence length of the diffraction peak of about 7 nm for alkyl chain with 18 carbon atoms). 58 It is likely that the SAMs are more disordered in the case of Au-substrate. In all cases, a decrease of the number of peaks is the fingerprint of a better control of the molecular organization in the molecular junctions. While all these observations were done for aklylthiols, it is likely that they also hold in the present case, supporting the conclusion of a better molecular organization for the 3TSH junctions.
Conclusion
The steric hindrance of the conjugated backbone in SAMs on gold was studied through the synthesis and the characterization of 3TSH and NaphSH. The cyclic voltammetry study shows clearly π-π interactions between terthiophene cores in SAMs unlike the naphthalene carbodiimide cores that present no interactions. The density of 3TSH is twice as large as that of NaphSH. I/V characteristics measured by STS on bulk gold substrate or C-AFM on gold nanoplots highlight (i) that the dispersion of the measurements is less important on more organized SAMs as 3TSH SAMs, (ii) an opposite rectification explained by the chemical nature of the conjugated system and by the asymmetrical coupling of the molecular orbitals and the electrodes, and (iii) that more than 80% of the measurements show a transport through an orbital of the conjugated system despite a worse organization.
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Influence of Molecular Organization on the Electrical Characteristics of π-conjugated Selfassembled Monolayers. Chemical synthesis of 3TSH and NaphSH.
Synthesis of 5-hexylsulfanyl-5''-(6-mercaptohexylsulfanyl)-2,2′:5′,2′′-terthiophene (3TSH) described previously for bithiophene core 1 is outlined in scheme S1. Compound 1 was prepared in a one-pot reaction on terthiophene in anhydrous THF with two equivalent of n-butyllithium at low temperature and insertion of elemental sulfur to generate the corresponding dithiolates which were alkylated with 3-bromopropionitrile. The mono deprotection of one thiolate group of 1 with action of 1 equivalent of CsOH and treatment with bromohexane gave 2. At this step, the 3THex coming from the complete deprotection was also isolated during column chromatography; it will be used as reference compound in the electrochemistry study. The same procedure is followed to remove the second cyanoethyl group and the treatment with S-6-bromohexyl ethanethioate 2 gave Scheme S2. Synthesis of NaphSH. e) Potassium phtalimide, Acetone, reflux (47%). f) Potassium thioacetate, THF, reflux (57%). g) Hydrazine, EtOH, reflux (32%). h) DMF, 120°C, N 2 (41%). Chemical structure of NaphHex.
Experimental details:
All reagents and chemicals were purchased from Aldrich and were used as received. All reactions were performed under inert atmosphere using anhydrous solvents which were dried and distilled before being used. S-6-bromohexyl ethanethioate, (40 mL 
Modelisation
Figure S1. Geometry optimized of NaphSH (left) and 3TSH (right) by the functional density method Becke3lyp using Gaussian 98. 5 Bases for calculation are 6-31G*.
XPS analysis
X-ray photoelectron spectroscopy (XPS) was performed with a Kratos Analitical Axis Ultra DLD, using an Al Ka source monochromatized at 1486.6 eV. A hemispheric analyzer working at pass energy of 50 eV for the global spectrum was used, and 20 eV when focusing on the sole core levels. Figure S2 . XPS spectra of 3TSH (left) and NaphSH (right) on gold substrates and the insets show the S 2p core level. n corresponds to the number of atoms in the chemical structure.
IR analysis
Infrared spectroscopy (IR) was carried out with a Bruker Vertex 70 spectrometer (resolution 2 cm -1 , spectra were collected with 256 scans, MCT detector) equipped with a Pike Miracle plate for ATR. Figure S3 . IR spectra of 3TSH (left) and NaphSH (right) in carbon tetrachloride solution (blue curve) and chemisorbed on gold surface (black curve).
Electrochemical study.
Cyclic Nanodot fabrication: The fabrication and detailed characterization of these nanodot arrays have been reported elsewhere. 6 For e-beam lithography, an EBPG 5000 Plus from Vistec Lithography was used. The (100) Si substrate (resistivity = 10 -3 Ω.cm) was cleaned with UV-ozone and native oxide etched before resist deposition. The e-beam lithography has been optimized by using a 45 nm-thick diluted (3:5 with anisole) PMMA (950 K). For the writing, an acceleration voltage of 100 keV was used, which reduces proximity effects around the dots, compared to lower voltages.
The beam current to expose the nanodots was 1 nA. The conventional resist development / e- Figure S7 . Log-normal distributions of rectification ratios R = ⎮I -/I + ⎮ at ± 0.8 V for 3TSH (a) and R = ⎮I + /I -⎮at ± 0.8 V for NaphSH (b). Xc stands for the maximum position of the Gaussian fit, and full width at half maximum (FWHM) is reported.
Schematic representation of the electronic transport.
-Through the HOMO level of the terthiophene derivative.
-Through the LUMO level of the tetracarboxydiimide derivative. Figure S8 . Schematic representation of transport properties via the HOMO and LUMO levels of organic compounds in an asymmetrically coupled geometry (Γ Au > Γ tip ).
Typical TVS curves. IPES spectra corrected with the background signal Figure S10 . IPES spectra with subtracted background signal. Spectra were shifted along the Y axis for the sake of clarity. The onset of the LUMO band tail was determined by the intersection between the tangent to the band (dotted line) and the horizontal baseline.
